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Crystalline silicotitanates (CSTs) are a new class of ion exchangers that were jointly invented by
researchers at Sandia National Laboratories and Texas A&M University. One particular CST,
known as TAM-5, is remarkable for its ability to separate parts-per-million concentrations of
cesium from highly alkaline solutions (pH>14) containing high sodium concentrations (>5M). It
is also highly effective for removing cesium from neutral and acidic solutions, and for removing
strontium from basic and neutral solutions. Cesium isotopes are fission products that account for
a large portion of the radioactivity in waste streams generated during weapons material
production. Tests performed at numerous locations with early lab-scale TAM-5 samples
established the material as a leading candidate for treating radioactive waste volumes such as
those found at the Hanford site in Washington. Thus Sandia developed a Cooperative Research
and Development Agreement (CRADA\) partnership with UOP, a world leader in developing,
commercializing, and supplying adsorbents and associated process technology to commercialize
and further develop the material. CSTs are now commercially available from UOP in a powder
(UOP IONSIV? 1E-910 ion exchanger) and granular form suitable for column ion exchange
operations (UOP IONSIV? 1E-911 ion exchanger). These materials exhibit a high capacity for
cesium in a wide variety of solutions of interest to the Department of Energy, and they are
chemically, thermally, and radiation stable. They have performed well in tests at numerous sites
with actual radioactive waste solutions, and are being demonstrated in the 100,000 liter Cesium
Removal Demonstration taking place at Oak Ridge National Laboratory with Melton Valley
Storage Tank waste. It has been estimated that applying CSTs to the Hanford cleanup alone will
result in a savings of more than $300 million over baseline technologies.
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1.0 INTRODUCTION

1.1 Background

Within the Department of Energy (DOE) complex, there are hundreds of tanks used for
processing and storing radioactive waste byproducts generated by weapons materia production
facilities. These tanks contain tens of millions of gallons of highly radioactive supernate liquid
containing molar concentrations of sodium (Na") in a highly akaline solution (pH>14), along with
solid salt cake (primarily NaNO3z and NaNOy), and dudge that is a complex mixture of insoluble
metal oxides and hydroxides. Most of the highly soluble cesium salts and small amounts of
strontium salts are present in the liquid supernate. Some of the wastes, primarily at the Idaho
National Engineering Laboratory (INEL), are in acidic solutions or in calcine that is proposed for
acidic dissolution and reprocessing. Removal of cesium (Cs) and strontium (Sr) from al of these
wastes will be an important processing step in preparing these wastes for long term safe storage.
Thisis because these elements are partially present in the form of strong gamma and beta emitting
isotopes. In addition to the radiation hazard, the decay energy from these isotopes is a major
contributor to the heat generation in the radwastes.

Cesium is afission by-product and consists of several isotopes: stable Cs-133, Cs-134 with a half-
life of 2.065 years, Cs-135 with a half-life of 3 x 10° years, and Cs-137 with a half-life of 30.17
years. Since most DOE wastes are at least 20 years old, essentially all of the Cs-134 has decayed,
leaving Cs-137 as the magjor radiation source with low activity due to the Cs-135. Thetotal Cs
concentration (Cs-133, 134, 135, and 137) in the Hanford and other DOE wastes is 3 to 4 times
higher than the concentration measured as Cs-137 activity. lon exchange processes do not
significantly differentiate between isotopes. Therefore an ion exchange process applied to the
Hanford waste will be required to remove 3 to 4 times the amount of cesium as indicated by
gamma emission.

Presently, demonstrated processes for removal of Cs from the highly akaline, high Na” wastes are
limited and extensive studies are in progress to develop more efficient and less complex processes.
lon-exchange processes offer several advantages for performing this separation. 1) The processes
are versatile in that both continuous flow systems (ion-exchange columns) or batch processing
(in-tank) can be used, 2) ion exchange is efficient and solution decontamination factors of many
orders of magnitude can be achieved in columns, 3) ion exchange processes and equipment are
simple, compact, and a mature technology that can be implemented as either stationary (plant) or
mobile waste treatment systems, and 4) the processes introduce no hazardous organic solvents
into the waste stream.

The use of inorganic ion exchangers offers many advantages over the use of regenerable organic
ion exchangers. The inorganics are much more resistant to chemical, thermal and radiation
degradation. Also, the more uniform ion exchange sites achievable in crystalline inorganics can
lead to remarkable sdlectivities. The high selectivities result in more efficient operations offering
the possibility of a smple single-pass operation. Once the desired separations are accomplished, a
number of options for disposal of the radwaste loaded inorganic ion exchangers are possible. The
options range from interim storage in liquid wastes, dry interim storage, possible long term
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radwaste storage, to incorporation into HLW glass and disposal in a Federal repository. In
contrast to the single-pass concept for an inorganic material, regenerable organic ion exchangers
require additional processing equipment to handle the regeneration liquids and the eluant with the
dissolved Cs. Furthermore, if interim storage is required, the eluted cesium must be stabilized, by
exchange onto a zeolite for example. Also, disposal of the contaminated exchanger after its
performance is degraded by radiation and chemical reactions may be complicated by possible
classification as a mixed waste.

Despite their advantages, inorganic exchangers have not been available or perfected for all
radwaste applications. Zeolite ion exchangers were used very successfully at Three Mile Idand
and the West Valley Nuclear Servicesfacility. However, those exchangers will slowly decompose
and dissolve in alkaline solutions with a pH>12 and are very unstable in solutions with pH>13
such as are present at Hanford. Amorphous titanate ion-exchangers are stable in the highly
alkaline solutions encountered in defense waste processing and have been used to sorb Sr and Pu,
however they do not sorb Cs.

This report is a non-proprietary summary of the development and performance, particularly ion
exchange performance, of a stable, cesum-selective crystalline silicotitanate (CST) known as
TAM-5. TAM-5ishighly selective for removing Cs from solutions throughout the pH spectrum,
and selective for strontium in alkaline and neutral solutions. This material has been
commercialized and is available as UOP IONSIV? |E-910 and |E-911 ion exchangers, hereafter
referred to as IONSIV? |E-910 and |E-911 or IE-910 and IE-911. IE-910 isafine powder form
of the material, and IE-911 is a granular form of the materia suitable for column ion exchange
operations. The material’s superior performance and stability make it extremely attractive for
processing many typical radioactive waste solutions.

1.2 A Brief History Of The Development of CST lon Exchangers

Amorphous hydrous titanium oxide (HTO) materials were developed at Sandia in the 1960s and
1970s to prepare electroactive ceramic materials for defense applications. They were investigated
for use in radioactive waste stabilization because of their ion exchange properties and their
potential for conversion to a stable ceramic form.** Work with HTO ion-exchange materiasin
the context of nuclear waste processing began at Sandia National Laboratoriesin 1975 and
focused on conversion of high level waste (waste obtained by reprocessing spent commercial
reactor fuel using the flowsheet developed for the Barnwell facility in South Carolina) to a stable,
ceramic form.>” The HTO absorbed most cationic radionuclides but had essentialy no affinity for
highly soluble and radioactive Cs. This program was carried to the point of obtaining spent
reactor fuel, reprocessing it with a bench scale Purex process, adsorbing the radioactive waste on
the HTO using an ion exchange column, and hot pressing the radwaste-loaded HTO into a
monolithic ceramic. The effort was performed at Oak Ridge Nationa Laboratory in collaboration
with Sandia National Laboratories.

The program to develop amorphous bulk HTO for radioactive waste isolation was redirected after
1977 to studies involving wastes at the Hanford site.®® Tests conducted at Sandia National
Laboratories and Hanford showed the HTO materials to be extremely effective in removing Sr
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and Pu from dissolved salt cake and salt cake ssmulants; however Cs remained in solution and was
not removed in an ion exchange column. Samples of the HTO material were also supplied to the
Savannah River Site for evaluation. Sr removal data from Savannah River agreed with the
observations at Sandia and Hanford. A five hundred pound batch of HTO ion exchanger was
prepared by Cerac, Inc. in Milwaukee, Wisconsin and part of this batch was converted to
extrudates by Norton Co. in Akron, Ohio. Thiswork was performed to demonstrate that the
HTOs could be produced using commercia suppliers and existing equipment.

About 1980, the Sandia program to develop amorphous HTO ion exchangers for application to
nuclear wastes was concluded based on the DOE’ s decision to select glass and not ceramics as the
baseline wasteform. Asaresult of thiswork at Sandia National Laboratories and Savannah River,
HTO materials were tested and are being used for in-tank precipitation of Sr and Pu at the
Savannah River Site.®*? Further development of HTO materials at Sandia National Laboratories
for use as catalysts for coal liquefaction and other applications was continued through funding
from the DOE Fossil Energy Program.™®*" As part of this catalysis effort, a new class of ion
exchangers called crystalline silicotitanates (CSTs) was prepared by Robert G. Dosch (Sandia)
and Rayford G. Anthony and C. V. Philip (Texas A&M University). Testing at Sandia and Texas
A& M showed this new class of inorganic ion exchangers to have alarge affinity for Csin the
presence of high sodium (Na) concentrations. A Sandia Laboratory Directed Research and
Development (LDRD) project alowed further development of this material for radwaste
applications. Texas A& M was a partner throughout these LDRD activities.
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Figure 1. Cs distribution coefficients (K4) in 3M NaNO3, 100 ppm Cs solutions as a function of
the largest lattice spacing (d-spacing) as determined by powder X-ray diffraction for several
different crystalline silicotitanates.
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One result of the LDRD was that an effect of lattice spacing on Cs selectivity, as shown in Figure
1, was identified for the different CST phases.”® The two data pointsin Figure 1 with the highest
distribution coefficients are for a CST phase known as TAM-5. The definition and determination
of distribution coefficientsis discussed in section 2.3.1. The results suggested that an ion sieving
effect may be partially responsible for the high selectivity of TAM-5 for Cs. Although the Na
atom is smaller than the Cs atom, the hydrated Naion (approximate radius of 2.76 A) islarger
than the hydrated Csion (approximate radius of 2.28 A)."® Thus, it was speculated that the
hydrated sodium ion may be excluded from the poresin TAM-5 unlessit is partialy dehydrated
(requiring energy for activation), while the cesum atom may be admitted in the fully hydrated
form. The crystal structure, solved at alater date, is consistent with this interpretation.

A second result of the LDRD was that samples were provided to Pacific Northwest Laboratories
(PNL, now PNNL) for testing with waste simulants. Thisinitia simulant testing revealed poor Cs
selectivity for the materia in highly alkaline solutions. Subsequently, the TAM-5 formulation was
modified to optimize the cesum removal performance in highly alkaline solutions. The synthesis
of this *second-generation material” was then scaled-up, the sensitivity of the synthesisto various
parameters was evaluated, and a patent application was prepared and submitted. Unless
otherwise stated, the CST considered in this report is the “ second generation” form of TAM-5.

After thefirst year of the LDRD, additional funding was provided by DOE'’s Efficient Separations
Program (ESP, Office of Environmental Management, Office of Science and Technology,
EM-53). Funding was also obtained from the Department of Energy, Richland Field Officein

FY 93 and continued in FY 94 and FY 95 from the Pacific Northwest Laboratory Technology
Development Program Office (TDPO) and the Tank Waste Remediation System (TWRS). This
additional funding was primarily focused on applications and commercialization issues.

For CST technology to be considered for large-scale radwaste processing, it was essential that a
commercia source of agranular material suitable for column ion exchange processes be
developed. Towardsthisaim, Sandiaand Texas A&M entered into an agreement allowing Sandia
to seek industrial partnersto commercialize CST technology. An advertisement for an industrial
partner to assist in the further development and commercialization of CST was placed in the
Commerce Business Daily on March 23, 1993. After an extensive bid and selection process, UOP,
DesPlaines, IL, was selected as the technology transfer partner. An 18 month Cooperative
Research and Development Agreement (CRADA) between Sandia and UOP was signed on March
2,1994. A license to produce and market the CST technology was also negotiated and awarded
to UOP. The stated objectives of the CRADA were 1) to develop a capability to commercialy
produce TAM-5 powder, 2) to develop a capability to commercially produce an “engineered
form” TAM-5 product, 3) to evaluate commercially produced CSTs, and 4) to qualify these
materials for radwaste applications. Engineered form was defined to mean a stable granular
material suitable for standard industrial ion exchange operations.

The CRADA statement of work outlined the tasks and responsibilities considered necessary to
achieve these goals. Sandiawas to provide UOP with the technical information necessary to
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produce the CST powder. UOP was then to synthesize enough powder to supply Sandiawith 5
kg of TAM-5 powder and 5 kg of the eventual engineered form. Performance goals for the
engineered form were to be jointly defined, taking into account the needs of the anticipated DOE
user sites. UOP was then to evaluate technologies for producing an engineered form, supply
Sandiawith 5 kg of an engineered form, and prepare a non-proprietary description of the
manufacturing process. Sandiawas to help in evaluating and selecting the final engineered form.
The participants were to jointly participate in characterizing the materials prepared in the above
tasks and comparing them against the performance goals, with the exception of evaluating the
radiation stability which was to be carried out by Sandia. Sandiawas also to identify appropriate
waste streams and realistic test conditions for evaluating the materials as well as identifying and
coordinating opportunities for testing with actual radioactive wastes at DOE facilities. Both
partners were to participate in simulant evaluations of the materials. Throughout the CRADA,
Texas A&M assisted Sandiain completing its tasks with financia support through Sandia.

Rapid progress towards commercialization was achieved under the CRADA. In September of
1994, UOP prepared the first large scale batch of TAM-5 consisting of 1800 |bs of material. This
material was given the name UOP IONSIV? lon Exchanger Type |E-910 and declared to be a
commercia product in October 1994. Analysis revealed this material to be nearly identical to
materials prepared at the laboratory scale. This rapid success wasin large part due to the
extensive CST synthesis studies carried out at Texas A&M. In January, 1995, UOP delivered the
first of many engineered forms (known collectively as IONSIV? |E-911) to Sandia for evaluation.
Meetings were held with potential DOE users, Sandia, Texas A&M, and UOP to define the
desired properties of the engineered form. In May of that year, a highly successful test was
carried out with actual radioactive waste and one of the developmental engineered forms at West
Valley Nuclear Servicesin New York. In June, baseline forms of 1E-911 were identified and
supplied to PNL for actual waste testing. This same baseline materia was supplied to Oak Ridge
National Laboratory (ORNL) for actual waste testing shortly thereafter. The CRADA was
completed in September, 1995. However work to evaluate and improve the engineered form
continued, with particular emphasis placed on improving the ion exchange kinetics and thus the
column breakthrough characteristics of the IE-911. By December 1995, afinal formulation had
been selected for IE-911 and the material had been declared commercial.

Characterization and testing of the IE-911 has continued to the present time. Asaresult of these
efforts, the material is being recognized as the preferred choice for a number of important DOE
applications. In February of 1996, IE-911 was chosen to be the only material used for the 25,000
galon Cesium Remova Demonstration (CsRD) scheduled to begin in September and to be
carried out with actual Melton Valley storage tank waste at ORNL. In August of 1996, IE-911
outperformed its competitor by afactor of amost 50 in actual waste column testing carried out at
Hanford. An independent study conducted by Los Alamos National Laboratory (LANL)®
concluded that the use of 1E-911 for the Hanford cleanup effort would result in over $300 million
in savings over the baseline process. These positive results led to TAM-5 CST, in the form of
IONSIV? |E-910 and | E-911, being awarded a 1996 R&D 100 award as “one of the 100 most
technologically significant products of the year.”
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2.0 DEVELOPMENT AND PROPERTIES OF TAM-5 (IE-910) POWDER

2.1 Sample Identification

A large number of CST powder preparations have been conducted by Sandia, Texas A&M and
UOP. This section is provided as areference to aid in sample identification. The genera class of
crystalline silicotitanates originaly prepared by Sandia and Texas A&M are collectively called
CSTsand are comprised of seven phases or mixtures of phasesindividualy known as TAM-1,
TAM-2, TAM-3, TAM-4, TAM-5, TAM-7, and TAM-8. TAM-4 isnot a unigue Sandia-Texas
A&M phase asit has been previously reported in U.S. Patent No. 5,015,453.** Aswork has
focused on TAM-5 it has aso individually come to be known as CST. There are two primary
forms of TAM-5 which were identified as “first-generation” and “ second-generation” or
MTAM-5 materials. Unless otherwise noted, CST, TAM-5 and MTAM-5 all refer to “ second-
generation” TAM-5. Itisthis material that was commerciaized as UOP IONSIV? |E-910 and
IE-911. Preparationsto develop the “second-generation” TAM-5 were primarily carried out at
Sandia by Dr. Robert (Bob) Dosch and Linda McLaughlin and are identified with the prefix SNL.
Preparations carried out by Dr. Ray Anthony’s group at Texas A&M are identified with the prefix
DG, areference to aPh.D. student, Ding Gu. Commercialy prepared materials are identified as
UOP materia, IE-910 and may have an associated lot number. All samples of 1E-910 utilized in
thiswork were from lot 993794040002. Table 1 summarizes the many TAM-5 powder samples
prepared in this effort.

Table 1: TAM-5 Powder Sample Summary

Sample Designation Description

SNL TAM-5#1-130 | Small scale preparations to develop second-generation
improved TAM-5 (20-100 cc reactors)

DG-4to 110 First and second-generation TAM-5 for evaluation, prepared in
small quantities

DG-111to 115 Baseline samples prepared in 1 gallon autoclave under identical
conditions for detailed testing, 750 gram/lot

DG-116 to 140 small scale preparations to optimize synthesis parameters and
kinetics

DG-141 Prepared in 5 gallon autoclave under same conditions as DG-
111-115

DG-142to 212 Small scale preps to optimize synthesis conditions, properties
and to evaluate kinetics
DG-213t0 216 Additional prepsin 5 gallon reactors
UOP material Small scae (5 gallon) commercia confirmation batches
UOP IONSIV® |E-910 | Prepared by UOP under commercial conditions, 1,800 pounds
of CST prepared in first batch
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2.2 Synthesis, Composition, and Structure

CST materials are prepared®** by a combination of sol-gel chemistry and hydrothermal
synthesis. This is in contrast to the amorphous HTO ion exchangers, that are prepared solely by
sol-gel chemistry. The CST materials are prepared by reacting alkyl titanates, alkyl silicates,
and other materials with aqueous and/or methanol solutions of alkali metal hydroxides and
alkylammonium hydroxides and bromides, followed by hydrothermal treatment. Although CST
ion exchangers are usually prepared in the sodium form, other exchangeable counter ions, such
as potassium, can also be used. Details of the preparation of TAM-5 are currently proprietary.
Much of the information has been or is being compiled into reports and it is anticipated that
these will be made public following the issuance of relevant patents.

During the development process, a baseline composition was selected and five lots (DG-111-115)
were prepared under identical conditions. The objective of this effort was to evaluate process
reproducibility, synthesis scale-up, and to make sufficient material for testing at the various DOE
laboratories. Lots DG-141 and DG-213-216 were later prepared in alarger autoclave to provide
samples and to study issues associated with process scale-up. Extensive testing was conducted on
the DG-111-115 lots and it was concluded that the composition and their performance was
essentially identical based upon distribution coefficient measurements (see section 2.3.3 Baseline
Samples), x-ray diffraction, and transmission electron microscopy. Lot DG-141 was subsequently
tested at several facilities and the ion exchange performance was dlightly improved. The phase
purity (typically > 95% by volume as determined by TEM for all TAM-5 preparations) and other
physical and chemical characteristics were similar. Based upon these data, it was concluded that
the process for preparing CSTsis reproducible and scaleable.
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Figure 2. Block diagram of IE-910 preparation.
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The synthesis conditions for CST powder were transferred to UOP under a CRADA and
developmental lots prepared in 5 gallon reactors at UOP were tested at Sandia to measure
performance. Testing confirmed the conclusion arrived at from the Texas A&M synthesis studies
that high quality CST powder could be prepared in large scale processing equipment.
Subsequently, an 1,800 pound batch of CST was prepared by UOP, called IONSIV® | E-910.
Samples of the IONSIV® |E-910 were evaluated and found to have performance comparable to
the baseline samples. A nonproprietary block diagram of the procedure used by UOP to
commercially produce IE-910 is shown in Figure 2.

The structure and composition of TAM-5 has been well characterized.” However this
information is currently proprietary. An approximate composition taken from the MSDS of the
IE-910 material is given in Table 2 below. Detailed compositional information can be provided
to those demonstrating a need for the information by executing a nondisclosure agreement with
UOP.

Table 2: Approximate Composition of UOP IONSIV? lon Exchanger Type IE-910

Material ~ Weight %
Silicon dioxide 10-25
Titanium dioxide 25-40
Sodium oxide 10-20
Trade Secret material 15-25

2.3 lon Exchange Properties

2.3.1 Procedure for Determination of Distribution Coefficients

A primary metric of an ion exchanger’s performance is a distribution coefficient (Kq) measured in
a batch contact experiment. The distribution coefficient is a quantitative measure of a materia’s
capability to remove an ion from solution, and is the ratio of the concentration of the ion adsorbed
on the ion exchange material to the concentration of the ion remaining in solution. Much of the
work performed at Sandia was conducted with accurate compositional simulants of the waste
solutions at the various DOE facilities. However, in the early developmental work, a*“simple
simulant” was used, typically consisting of 5.1M NaNO;, 0.6M NaOH, and 100 ppm Cs. These
and other solutions were used in studies at Texas A&M to obtain information about the
fundamental behavior of the CST for use in modeling the equilibrium performance of the material.
The procedures used to determine batch K4 values at Sandia and Texas A&M University are
described below. Similar procedures are used at other laboratories mentioned in this work,
including PNNL, ORNL, and Savannah River.

To avoid difficulties in measuring concentrations on solids, the distribution coefficient was
determined using only solution analyses and the following relation:

V' (C,-C,)
W’ c,
13

K,(ml/g)=



Where: V = volume of simulant (ml)
C, = concentration of ion in feed (ppm)
W = mass of ion exchanger (g)
C, = concentration of ion in post contact supernate (ppm)

Typical parameters for conducting the experiment were 10 ml of solution, 0.1 g of ion exchanger,
and initial Cs concentrations from 1 to 100 ppm. Contact times of 24 and 72 hours with mild
agitation were typical. Samples were passed through a 0.2 mm syringe filter prior to anaysis.
Early testing at Sandia utilized atomic absorption spectroscopy (AAS) for solution analys's,
however the Cs concentrations were close to the Cs detection limit, particularly for complex
simulants containing 10 ppm or less Cs. Subsequently, most of the Sandia testing was performed
with an inductively coupled plasma-mass spectrometer (ICP/MS). Detection limits for Csand Sr
in high Na solutions are in the ppb range and are comparable to those measured radiochemically
by other DOE facilities. Kq measurements at Texas A&M were typically performed with higher
Cs concentrations, e.g. 100 ppm, and the Cs concentration measured by AAS. Comparison tests
were routinely conducted between the two methods and comparable K4 values were measured.
No attempt to correct for volatiles content or loss-on-ignition (LOI) was made for any of the data
collected by Sandiaor Texas A&M. Most K4 measurements have focused on Cs, although
measurements have been performed to characterize the affinity for other elements such as
strontium, an important radionuclide in many wastes, or €l ements such as potassium, rubidium,
and barium that may compete with cesium for exchange sites. Limited work was conducted at
other laboratories, e.g. PNNL and West Valley Nuclear Services on plutonium sorption.

For comparing the ion exchange kinetics of materials, arelated set of experiments was performed.
Batch K4 measurements were performed for a series of samples with contact times ranging from a
few minutesto 72 hours. Alternately, this experiment was occasionally performed by removing a
small sample from alarger volume batch K4 experiment at timed intervals.

2.3.2 Developmental Samples

Characterization of the developmental samples was generaly limited to Cs distribution coefficient
measurements and other simple tests with the goal of improving selectivity and capacity for Cs. A
wide variety of TAM-5 modifications were evaluated in the effort to optimize the synthesis and
the performance of the material in alkaline solution. Figure 3 illustrates the improvement in
distribution coefficient in the akaline regime that was achieved by modifying the TAM-5 material
(second-generation material). Further documentation on these studiesis currently limited to
laboratory notebooks and internal memos and reports. A report detailing these experimentsisin
preparation and will be available after relevant patents have been issued.

Several samples of first- and second-generation TAM-5, including SNL TAM-5 #11, 22, 24, 25,
31, 35, 40, 42, 43, 70, and 74 were sent to Lane Bray, PNL for confirmation of the ion-exchange
properties using ssimulated wastes. Test solutions used at PNL were formulated to represent
Hanford waste from double shell durry feed (DSSF) tanks. Table 3 shows a representative
composition of the smulated DSSF waste. The free hydroxide shown in the table is calcul ated
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by assuming that all the AI** in solution is present in the form AI(OH),. Distribution coefficients
were determined in a manner similar to that described above, however cesium concentrations
were determined by radioisotopic tracer techniques. For several tests with first generation CST
materials, tracer concentrations of radioisotopes of Sr and Pu were also used to determine the
distribution coefficients for these elements. In addition, one of the first CST samples (first-
generation material) sent to PNL was contacted with the simulated waste solution for an extended
time to determine the stability of the material.

10°

—@— First Generation
—l— Second Generation

Distribution Coefficient (ml/g)

102 l: E
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Figure 3. Distribution coefficients of first-generation (DG44) and second-generation (DG71)
TAM-5 as a function of pH. Solutions were 5.7M Na, OH as shown, 100 ppm Cs, balance NOs.

Results of these evaluations™ confirmed that the TAM-5 ion exchange material has an excellent
capacity to remove Cs’ from DSSF waste solutions. The second-generation CST material
exhibited Cs distribution coefficients of 2,400 ml/g at 25 °C in the simulated DSSF waste
solutions. Cesium distribution coefficients exceeding 8,000 ml/g for first-generation materials and
20,000 ml/g for second-generation materials were observed after adjusting the pH of the
simulated DSSF solutions to 10.8 by carbon dioxide addition. This suggests that use of CST
materials, with partial neutralization of waste solutions by a reagent such as CO,, could result in
an even more efficient ion-exchange process for removal of cesum. The tests with first-
generation CST materials and tracer amounts of Sr and Pu in the DSSF waste simulants yielded
distribution coefficients of 2700 for Pu and greater than 100,000 for Sr (based on detection limits
for Sr). In addition, the first-generation CST material that was contacted with the simulated
DSSF waste simulant at 40 °C for a period of 16 weeks showed no degradation in performance
with respect to retention of cesium.
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Table 3:

Al** 0.34
OH(total) 2.7
OH (free) 13

NO, 0.34

NO5 1.23

S0, % 0.12

COs* 0.16

F 0.07

2.3.3 Baseline Samples

The baseline TAM-5 preparations (DG 111-115) were carried out at Texas A&M University in a
one galon autoclave. Cesium distribution coefficients for the baseline samples in asimple waste
simulant composed of 4.2M NaNOj3, 1.4M NaOH and 100 ppm cesium are shown in Table 4.
These data were used to show that the CST synthesis and properties are reproducible, and can be
scaled to produce large quantities. DG-141 was prepared in afive gallon autoclave.

Table 4: Cesium Distribution Coefficient values in a simple waste smulant (5.7M Na, 5.1M NOs,
0.6M OH, 100 ppm Cs)

Sample Number | Kqy (ml/g)
DG-111 953
DG-112 890
DG-113 809
DG-114 900
DG-115 835
DG-141 1010

2.3.3.1 Testing of Baseline Samples at Pacific Northwest Laboratory

Samples of DG-111 and DG-112 were tested by Lane Bray at PNL in 5M NaNO; with 0.0001M
Csor Sr test solutions for their ability to sorb these ions as a function of pH.* Similar to the
results for the second-generation materials shown in Figure 3, the Cs K4 values varied from 8,000
mi/g at pH 0, to >80,000 mi/g at pH 4 to 7 to >2,000 ml/g at apH 14. The Sr K4 vaues varied
from 10 ml/g at pH 0 to about 100 mi/g at pH 7 to 5,000 ml/g a pH 14. These values
confirmedthe high performance measured at Sandiaand Texas A& M.
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2.3.3.2 Testing of Baseline Samples at Savannah River

Several samples (DG-112, 113, and 114) were tested at Westinghouse Savannah River Company
(WSRC) with simulated waste having the composition shown in Table 5.%° This composition is
representative of a solution that is currently being decontaminated at Savannah River by
precipitating Cs with tetraphenylborate (TBP) and exchanging Sr onto sodium titanate (ST).
Were the CST to be introduced into this process, its' incorporation into glass at the Defense
Waste Processing Facility (DWPF) would be required for final disposal.

Table 5: 5.6M agueous salt solution utilized for Savannah River tests

Component | Concentration (M)
NaSO, 0.17
NaNO, 0.71
NaNO; 1.2
NaOH 29

KNO; 0.015
NaCOs 0.2
AI(NO3); 0.38
CsNOs 0.00024

Distribution coefficients were measured at contact times of 48 and 120 hours. Four replicate
experiments were performed for each baseline sample at the 48 hour contact time. Since the
operations at Savannah River are batch type, long contact times are representative of the actual
application scenario. The results are shown in Table 6. It was concluded that there was a
statistically different Kq4 at 120 hours than at 48 hours, and that the exchange was 90% complete
at 48 hours.

Table 6: Cesium Distribution Coefficients as a Function of Contact Time in Simulated
Savannah River Waste

CST Batch | Kq48 hours(ml/g) | Standard Deviation (ml/g) | Ky 120 hours (ml/g)
DG-112 1948 113 2180
DG-113 1779 33 2041
DG-114 1780 48 1945

DG-112, was selected for Cs loading experiments, termed “capacity measurements’ by Savannah
River. The purpose of the test was to determine the amount of Cs that was loaded onto the CST
under relevant conditions, and to calculate the waste processing rates based upon glass
compatibility. The test was conducted in triplicate in the solution of Table 5 with varying cesum
concentrations. The results are shown in Table 7.
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Table 7: CST Cesium Loading Determinations

[Cs]initid [CS]ﬁna| Kd Std Dev. CS/g CST Std Dev.

(mg/L) | (mg/L) | (miig) | (ml/g) (mg) (mg)
28.25 5.86 1948 113 11.59 0.19
48.67 10.01 1971 51 19.73 0.47
63.17 12.49 1980 90 24.7 0.25
74.41 16.02 1796 85 28.76 1.07
117.2 36.92 1094 64 40.31 0.74
139.0 46.32 988 92 45.61 1.39

The Csloading varied from about 11.6 mg per gram of CST at an initial concentration of
0.00021M Csto about 45.6 mg per gram of CST at a concentration of 0.001M Cs. Inthisand
other tests it has been observed that the Csloading is very dependent on the solution composition
and testing is required to estimate the equilibrium Cs capacity of CSTs. In order to minimize the
testing required, amodel is being developed to predict the effect of solution composition on CST
ion exchange performance.?’

The effect of the potassium concentration on the Cs distribution coefficient was aso measured for
DG-112. Potassum is chemicaly similar to Cs, and is expected to strongly compete with Cs for
ion exchange sites on most exchangers. KNO; was systematically added to the solution
composition shown in Table 5. The results of triplicate K4 measurements are shown in Table 8.

Table 8: Effect of K on Cs Ky Measurements

[K] Kq Std Dev.
(mM) (ml/g) (ml/g)
6.2 2200 9
10 2100 15
24 1700 57
46 1600 34

These tests show that K has a small but significant effect on the remova of Cs. By comparison,
tetraphenylborate (TBP) forms a stoichiometric compound with K and significant increases in the
amount of TBP are required to compensate for this interaction.

2.3.3.3 Testing of Baseline Samples at Oak Ridge National Laboratory

Tests on DG-114 were conducted at Oak Ridge National Laboratory to evaluate and compare
TAM-5 with other Cs exchangers (e.g. CS-100 resin, RF resin, and Potassium Cobalt
Hexacyanoferrate) in the Melton Valey W-25 supernate®® The composition of the W-25 waste
isshown in Table 9. Distribution coefficient values for Cs remova were determined with mixing
times of 0.25 hours to 144 hours. Cs remova was determined to be almost completed in about 2
hours. Kq4 values were 451 ml/g at 15 minutes, 662 ml/g at 2 hours, 672 ml/g at 24 and 72 hours,
and 958 ml/g at 144 hours. Isotherms were generated on CSTs and other exchangers at various
initial Cs concentrations ranging from 0.024 to 86 mg/L. Csloadings on the CST varied from
0.13 meg/kg at a supernate to CST ratio of 100 ml/g to 1.9 meg/kg at aratio of 5000 mi/g.
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Table 9: Composition of W-25 Supernate (Ma or components)

Component | Concentration (M)
Na" 3.87
K* 0.358
Al** 0.017
Cs' 0.0014
St 0.0046
ca 0.232

NO5 3.81
Cl- 0.106
SO% 0.025
F 0.020
pH 12.6

Tests were also conducted to assess the effect of K concentration, the Na/K ratio, the Na/Cs and
K/Csratios on ion exchanger effectiveness. It was observed that increasing the K and Cs
concentrations had no effect on the CST performance. Thisis probably due to the ranges of
solution compositions investigated. The other exchangers showed changes under these test
conditions.

It was concluded by the ORNL investigators that the CSTs have the necessary properties and
characteristics required to process radwastes at Oak Ridge and Hanford. However, when the
report was written, final development of the engineered form IONSIV® |E-911 was not complete
and the report stated that additional testing on the final material would be required.

2.3.3.4 Testing of Baseline Samples at Los Alamos National Laboratory

Detailed testing of awide range of ion exchangers and absorbers was conducted by Fred Marsh,
Zita Svitra, and Scott Bowen at Los Alamos Nationa Laboratory. Evaluation of preliminary and
developmental CST samples were an integral part of the program.”**? In one of the first studies,”
testing was conducted in three different ssimulant solutions: acid dissolved sludge with a pH of
0.58, acidified supernate with a pH of 3.5 and alkaline supernate as found in Hanford Tank
102-SY with apH of 13.85. Contact times of 30 minutes, 2 and 6 hours were used. Radiotracers
of the following 14 elements were used to measure the relative adsorption and kinetics. Ce, Cs,
S, Te, Y, Cr, Cs, Fe, Mn, Zn, Zr, U, Pu, and Am. Results for the DG-111 samplein the 102-SY
simulant are shown in Table 10 below. Additional studies were carried out with baseline powder
samples and Double-Shell Slurry Feed (DSSF)* and Neutralized Current Acid Waste (NCAW)*
simulants. The reader isreferred to the referenced reports for further details and results.

In genera these tests provided an indication of the very high specificity of CSTsfor Csand Sr
removal from akaline solutions and a high specificity for Cs from acidic solutions. The data
indicates that sorption of other species from radwastes would be limited. However, due to
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variations in concentration and speciation, detailed conclusions on sorption of other radionuclides

would require additional testing.

Table 10: Kq values (ml/g) for DG-111 at 6 hoursin Hanford Tank 102-SY Simulants

Element | Alkaline Supernate | Acidified Supernate | Acid dissolved
pH 13.58 pH 3.5 pH 0.58
Ce >300 57 1
Cs 3076 1864 >5000
Sr >4600 35 0.5
Tc <0.1 1.2 0.7
Y 24 4.8 0.3
Cr <0.1 1.7 12
Co 04 04 0.1
Fe 93 1.9 0.7
Mn 225 15 0.1
Zn 3.7 51 0.6
Zr 68 0.6 18
U 43 25 15
Pu Not Measured 0.4 3.8
Am 53 107 0.3

An additional study was conducted at LANL to evaluate the effect of organic complexants on
sorption of radionuclides from simulated radwastes.” CST lot DG-141 was tested and large
distribution coefficients were measured for Cs in organic-free 102-SY, DSSF, and NCAW
simulants, and an irradiated 101-SY simulant containing organic complexants. As expected, Sr
sorption from the simulant containing organic complexants was dramatically decreased for all of
the adsorbers tested, including the CST. However, there appeared to be little or no effect on Cs.

2.3.3.5 Testing of Baseline Samples with Idaho National Engineering Laboratory Simulants

Sandia was provided with a quantity of a Tank Farm Waste simulant as well as two Idaho
Chemical Processing Plant (ICPP) pilot plant calcine samples by INEL for cesium removal
testing with the CST. The composition of the Tank Farm Waste simulant as reported by INEL is
given in Table 11 below. Consistent with INEL practice, batch distribution coefficients for Cs
and Sr were measured with 15 ml of the Tank Farm simulant and 0.1 g of DG-141. The
distribution coefficients measured at three contact times are shown in Table 12 below. Table 13
presents the uptake of other elements by the CST after 24 hours (as weight percentages of the
elements on the CST). In order to make these determinations, the CST was digested and the
resulting solutions were analyzed by ICP/MS.

The ICPP pilot plant samples were a Al/Zr/Na blend (Run #20) and a Zr blend (Run #74).

Solutions were prepared from each sample by dissolving 10 g of the solid in 100 ml of 5M

HNO, at 90 °C, then cooling and filtering the solution. Cesium distribution coefficients

measured following the standard procedure were 313 ml/g for the Al/Zr/Na feed and 135 ml/g

for the Zr feed. There was no measurable uptake of strontium. Data for feed and post-contact
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solutions are given below in Table 14. Significant differences were seen between analysis of the
Sandia-prepared dissolved calcine (precontact) and the “typical” analysis of dissolved calcine
solutions reported by INEL. Data for both are reported below. Although every attempt was
made to duplicate the INEL dissolution method, these differences may still be attributable to
differences in the solution preparation methods.

Table 11: Composition of INEL Tank Farm Waste Simulant

Species Reported Molarity Species Reported Molarity
Na 1.25 B 1.60x10*
K 0.144 Cr 6.00x10°
Ca 4.40x10* Zr 5.00x10°
Mn 1.40x10* F 7.10x10°
Pb 1.00x10° Cl 2.2x10°
Cd 2.00x10° SO, 3.80x10*
Ni 2.00x10° PO, 1.00x10°
Hg 2.00x10° Cs 15 ppm
Al 0.548 Sr 13.2 ppm
Fe 2.50x10° Ce 4.00x10"
Mo 1.00x10° NO, 4.49

Total acid strength 1.80

Table 12: Uptake of Cesium and Strontium by DG-141 in INEL Tank Farm Waste Simulant

Contact Time (hr) | Cs K, (ml/g) | SrK, (ml/g)
0.5 2800 74
3.5 2700 65
24 2900 77

Table 13: Uptake of Other Elements by DG-141 in INEL Tank Farm Waste Simulant

Element wt % Element wt %
Ni 0.00034 Hg 0.00029
Ce 0.00049 Cr 0.00184
Cd 0.00254 Mn 0.0079
Pb 0.0391 Ca 0.1417
Fe 0.225 K 1.475
Mo 0.2632 Zr 0.0821

21



Table 14: Results for Contacting DG-141 with Dissolved ICPP Pilot Plant Calcines

Calcine Run #20 Calcine Run #74
Precontact Postcontact Precontact Postcontact
Typical SNL SNL Typical SNL SNL
INEL INEL
Element ppm ppm ppm ppm ppm ppm
Al 2.07x10* 1.60x10* 1.72x10* 1.31x10* 8750 9120
B 1040 716 716 932 500 512
Ca 1.76x10* 8240 8410 3.12x10* 3770 4130
Cs 0.19 0.0460 660 401 170
F 1.18x10* 2.36x10"
Fe 551 421 424 831 574 585
K 810 648 648 19.1 20.6
Na 3700 2580 2580 280 186 1150
Sr 30.8 25.3 25.3 344 505 521
Zr 6060 3100 3140 2.05x10° 1.09x10* 1.14x10°*

2.3.4 Commercially Prepared Powder, IONSIV® IE-910

The synthesis conditions for CST powder were transferred to UOP under CRADA and license
agreements. Developmental lots from UOP were tested at Sandia to determine cesium removal
performance. These tests confirmed the Sandia/Texas A& M conclusion, arrived at from the
extensive synthesis studies conducted at Texas A&M, that high quality CST powder could be
prepared in large scale processing equipment. Subsequently, 1,600 Ibs of CST was prepared by
UOP in asingle run, given the name UOP IONSIV® lon Exchanger Type |E-910 and assigned lot
number 999096810001. An additional 200 Ibs of materia was later recovered and assigned a
different lot number.

Samples of the IONSIV® |E-910 were evaluated by the Sandia/Texas A& M/UOP team and found
to have performance and properties comparable to the baseline samples. The cesium distribution
coefficient for IONSIV® 1E-910 was measured to be 874 ml/g with a standard deviation of 7 ml/g
(10 samples) in the smple Sandia simulant (5.7M Na, 5.1M NOs, 0.6M NaOH, 100 ppm Cs), and
581 ml/g with a standard deviation of 8 ml/g (5 samples) in aDSSF smulant. The strontium
distribution coefficients were measured to be 8233 ml/g in asimple simulant (5.7M Na, 5.1M
NQOj3, 0.6M OH, 50 ppm Sr), and 1 ml/g in 1M HNO; (50 ppm Sr).

Sandia measured Cs adsorption isotherms at 25 °C for the commercial 1E-910 powder in DSSF
simulants® containing 7, 5, and 3.75 M Na. Initial Cs concentrations ranged from 100 to 0.01
ppm. The 5 and 3.75 M solutions were prepared by diluting a DSSF-7 solution (Table 15) by
the appropriate factor. The isotherms obtained for IE-910 in DSSF solutions are shown in
Figure 4.

Results in other simulants are typically even better than those obtained in generic DSSF. For
example, an equilibrium K, of 1630 ml/g was measured for IE-910 in a 101-AW simulant (4.6M
Na) initially containing 5.54 ppm Cs and values greater than 2000 ml/g have typically been
obtained for baseline materials in NCAW simulants.

22




2000

1500

1000

500

Cs Distribution Coefficient (ml/g)

0

Table 15: DSSF-7 Simulant Composition

Species | Concentration (M)
Na 7.00
K 0.945
Cs typically 10 ppm
Al 0.721
SO4 0.008
OH 4.634
OH (free) 1.750
CO3 0.147
NO2 1.512
NO3 3.521
Cl 0.102
PO4 0.014
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Figure 4. Cesium Adsorption Isotherms for IONSIV? IE-910 in DSSF Simulants.

The competitive effect of potassium on Cs adsorption was evaluated for the IE-910 powder. In
one set of experiments, a K free, 5M Na DSSF solution was prepared. Potassium was then
added in the form of KCI to create solutions of varying concentrations. The results for solutions
prepared in this manner containing initial Cs concentrations of 1 and 10 ppm are shown in
Figure 5. Similar solutions were prepared at Texas A&M by using a 1.04 M KNO, - 3.96 M



KOH solution as the potassium source (100 ppm initid Cs concentration). This was done to
produce solutions containing K without adding counterions not found in significant quantities in
DSSF solutions. The results for this method (determined using AAS) are also shown in Figure
5. Additional potassium studies have been conducted at Texas A&M in support of the CST
equilibrium modeling effort.

—@— 100 ppm Cs
2500 —&— 10 ppm
—&— 1 ppm Cs

Cs Distribution Coefficient (ml/g)

0.0 0.2 0.4 0.6 0.8 1.0

K Concentration (M)

Figure 5. Effect of Potassium (As KCl or KOH + KNOs, see text) on Cesium Uptake by
IONSIV® IE-910 from DSSF-5 Simulants with Varying Initial Cesium Concentrations.

For the experiment carried out with the 1.04M KNO, - 3.96M KOH solution, the potassium loading
on the solid was determined by dissolving the solid and andlyzing the solution viaAAS. The results
from these measurements suggest that some of the potassum isin direct competition with cesum and
some replaces sodium that isinaccessible to the cesum. That is, thefirst addition of potassum
competes directly for the same Sites that cesum can access, but as the potassum concentration is
increased, different sodium Sitesin the ion exchanger that are not accessible to cesum are accessed by
the potassum. This accounts for the unusua behavior seenin Figure 5, i.e. the decreasing incrementa
effect of increasing potassium concentration on the cesum distribution coefficient at the higher
potassium concentrations.

2.3.4.1 Testing of IONSIV? 1E-910 at Los Alamos National Laboratory

Studies similar to those described in section 2.3.3.4 were carried out at LANL after the
production of 1E-910.3** Thus, the |E-910 was tested in these | ater studies in place of the
baseline samples. These experiments were aimed at evaluating the effects of organic complexants
and their degradation products on the performance of selected absorbers. Testing was performed
in variations of two smulants, an EDTA-containing Hanford Tank 101-SY simulant, and a
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Hanford Complexant Concentrate (CC) simulant containing six different organic complexants:
EDTA, HEDTA, NTA, citrate, gluconate, and iminodiacetate. Variations of these smulants
included as-prepared, gammaiirradiated (34 Mrads), hydrothermally treated, and
irradiated/hydrothermally treated samples. Radiotracers of Cs, Sr, Tc, and Am (and Pu for the
CC waste) were used to measure the relative adsorption and kinetics. Results for the IE-910
sample in the simulants are shown in Tables 16 and 17.

Table 16: Distribution Coefficients (ml/g) for IE-910 at 6 hours in Hanford Tank 101-SY

(approximately 3.5M Na) Simulants

Element | Asprepared | Irradiated | Hydrothermally Treated Irradiated/Hydrothermally
Treated
Am 3.7 3.0 54 50
Cs 3070 3360 4240 3750
Sr 3.7 11 2160 2130
Tc <0.1 <0.1 <0.1 0.2

Table 17: Distribution Coefficients (ml/g) for IE-910 at 6 hours in Hanford Complexant
Concentrate (diluted to approximately 2.0 M Na) Simulants

Element | Asprepared | Irradiated | Hydrothermally Treated Irradiated/Hydrothermally
Treated
Am <0.1 0.1 333 93
Cs 7000 9000 81,000 92,000
Pu 0.2 0.2 0.3 04
Sr 7.8 11 3050 1720
Tc 0.1 0.2 <0.1 <0.1

In general these tests verified the positive results obtained with the CST baseline samples. As
expected, organic complexants dramatically decreased the sorption of Sr and Am by the CST.
Hydrothermal treatment restored the performance by destroying the complexants. The large
increase in Cs K, may be due to changes in pH or carbonate concentration resulting as a
consequence of organic destruction.

2.3.4.2 Testing of IONSIV? IE-910 at Pacific Northwest National Laboratory

IONSIV? |E-910 and developmental engineered forms of CST (see below) have been tested in
smulated and actual Hanford 241-AW-101 DSSF tank waste by PNNL.** The materiads were
compared to a number of other Cs sorbents: a phenol-formadehyde resin (CS-100) developed by
Rohm and Haas, a resorcinol-formadehyde resin (R-F) devel oped by Westinghouse Savannah River
Company and produced by Boulder Scientific, a UOP zeolite (TIE-96), a sodium titanate produced by
Allied Signa/Texas A&M (NaTi), and SuperLig® 644 (SL-644), amacrocyclic organic materia
produced by IBC Advanced Technologies. Distribution coefficients for cesum and strontium,
decontamination factors, and column distribution factors (I , obtained by multiplying the bulk density of
the sorbent with the distribution coefficient) were compared as afunction of contact time, solution
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composition, supernate:exchanger phase ratio, and sequential contacts. Actua waste testswere
conducted with a composite waste from tanks 101-AW (70%), 106-AP (20%), and 102-AP (10%)
with a Na concentration of 5M, and Na/Cs mole ratios of (50 to 500,000). Simulant tests were
conducted at dilutions ranging from 7 to 0.2M Na, and Na/Cs mole ratios of 50 to 500,000.

The IE-910 performed very well in these tests. The column distribution factor for the |E-910 exceeded
that of the competing materias, excluding the engineered form CST, by afactor of 5-10 at Na
concentrations and Na/Csratios typica of actua waste. Also, good agreement was seen between the
smulant and actual waste results. The reader is referred to the PNNL report™ for further details.

2.3.5 Other lon Exchange Properties

2.3.5.1 lon Exchange Capacity

The total ion exchange capacity of numerous TAM-5 preparations has been measured and
consistently found to be in the range from 4 to 5 meg/g, with atypical value of 4.6 meg/g of the
Naform.?**" This capacity is nominally the same as that determined for the amorphous HTO
materias’”® The capacity was typically measured by contacting the sodium form of CST (Na-
CST) with strong acid resulting in the replacement of Na” with H*. The Na' concentration was
then measured by atomic absorption spectroscopy (AAS). The cesium ion exchange capacity is
less than the total ion exchange capacity. With as-prepared materials, Cs capacitiesashigh as 1.4
meg/g have been measured. By pretreating the material with acid, then exchanging Cs a capacity
of 2.4 meg/g has been measured.

2.3.5.2 lon Exchange Kinetics

Batch kinetic measurements are arapid and flexible method of evaluating and comparing the
performance of ion exchangers. They are particularly useful for screening the performance of the
engineered forms asthey arerefined. Furthermore, they are useful for obtaining parameters for the ion
exchange material to be incorporated into the column models. In this work, batch kinetic tests were
typically performed as a series of time dependent batch K, experiments. They have also been
performed by removing small samples from a relatively large volume of solution in contact with
CST at the same liquid to solid ratio used for the batch contacts. Figure 6 shows the cesium
uptake for the 1E-910 powder as a function of time in both the simple Sandia simulant (5.7M
Na’, 5.1M NO,, 0.6M OH’, 100 or 10 ppm Cs’) and DSSF-5 simulant. Also shown is an
experiment in which potassium was added to the simple simulant so that the K/Cs ratio was the
same as that in the DSSF-5 simulant. The data in Figure 6 are plotted as 1 minus the fractional
attainment of equilibrium (1-F) in order to normalize them for easy comparison. At (1-F) =1 no
ion exchange has occurred, and at (1-F) = 0 the system is at equilibrium.

The data show that the CST powder quickly removes cesium from solution with ion exchange
half times ranging from less than 2 minutes for simple simulants to around 6 minutes for the
other examples. The results for the DSSF-5 and the simple simulant with added potassium are
similar, suggesting that competition between potassium and cesium is responsible for the
decrease in the kinetics seen for the DSSF simulant versus the simple simulant. Work is
ongoing at Texas A&M to model batch kinetics for powdered and engineered form CSTs. These
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models provide a method of extracting diffusion parameters from these simple experiments for
use in predicting the performance of the CSTs in real-world column type operations.

1.0 & 1.0 =
100 ppm Cs 10 ppm Cs
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" 0.6 —&— Simple Simulant + 0.6
_'| Potassium @ DSSF-5
0.4 — 0.4 —l— Simple Simulant
0.2 — 0.2 -
0.0 | | | | | | 0.0
0O 10 20 30 40 50 60 0O 10 20 30 40 50 60
Time (minutes) Time (minutes)

Figure . Cesium Uptake as a Function of Time by IONSIV?
Simulants at Different Initial Cesium Concentrations.

2.3.5.3 Regeneration

regenerated for reuse with an acid solution. Due to their extremely high affinity for cesum, no
paralel method has been discovered for efficiently regenerating the CSTsfor reuse. Test

Marsh) have included 3M HNO; oH, 2 and 8M NH NO; 3) , 1.5M

Pb(NO ), 3) . None of these solutions resulted in significant elution of Cs. In

other studies, three successive washes of a 50 mg sample of a 10% (wt) Cs-loaded CST with 25
3, 0.6M NaOH solution resulted in removal of only 50% of the Cs.  Further

washes had little effect. Thusit is expected that the CSTswill be used in a single-pass operation

2.3.5.4 Reversibility
The lack of an efficient regeneration process raised the possibility that the ion exchange

were true, high separation factors could be achieved in batch contact operation without
extensive filtration steps by incrementally adding the CST to the solution. In order to test this

milliliters of DSSF-5 waste ssimulant containing 9.96 ppm cesium were added to two 250 ml
Nalgene bottles, respectively. To one bottle, 6.0 grams of 1E-910 powder was added. To the
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Both bottles were placed on an orbital shaker at 300 rpm. After atotal run time of 96 hours,

For the single addition experiment, afinal cesium concentration of 0.248 ppm was measured,
corresponding to a distribution coefficient (K ) of 653 ml/g, or a decontamination factor (DF) of
40. Using thisinformation, afinal expected cesium concentration for the successive addition

gives an expected cesium concentration of 0.7 ppb, or atotal DF of 13,600. However, the ICP
analysis of the solution from the experiment gave a value of 0.215 ppm or a DF of only 46. It was

for which this experiment was performed, the exchange of ceslum isreversible on IE-910. It is
possible that under different loading conditions, a different result would be obtained.

Data obtained by Lane Bray for first generation forms of CST showed that the Cs K4
approximately halved from about 300 ml/g to about 150 ml/g when the temperature was increased
from 10to 40 °

powder isless affected by temperature. As the temperature was increased from 10to 40 © d
changed from about 925 to 825 ml/g in aDSSF-5 smulant initialy containing 10 ppm Cs. More

basic conditions, exchange of cesium gppears to be exothermic and thus distribution coefficients
decrease with temperature. Under neutra conditions, the exchange appears to be endothermic asthe
" Additiona studies are necessary to

2.3.5.6 Effect of Initial Form

The exchangeable cation in the as-prepared CST is sodium. Through treatment with strong acid
a proton form of the CST may be prepared. This is a reversible process, i.e. the sodium form
can be recovered from the proton form by treatment with a NaOH solution. As demonstrated by
the results for cesium ion exchange capacity, the ion exchange characteristics of the sodium and
proton forms are not identical, particularly at high cesium loadings, although a small effect is
apparent at low loadings as well. For instance, with a baseline material (DG-112) and Sandia’s
simple simulant, cesium distribution coefficients of 843 and 817 ml/g were obtained for acid-
treated and non-treated samples respectively. Acid-treated samples were prepared by rinsing
with 10% (V/V) acetic acid and allowing to sit over the weekend. For a first generation material
(DG-120) a similar experiment was performed and the distribution coefficient was seen to
increase from 39 to 97 ml/g on acid treatment.”* Other studies carried out with high loadings
have provided insight into the ion exchange sites and structure of the CST.*

Although the proton form or partially protonated form of CSTs may show enhanced
performance in certain applications, there are limits to the usefulness of this approach.
Exchange reactions of the CST with solution components (including protons from water) may
act to alter the pH of the contacting solution. For example, the Na form CST will react with DI
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water to form a solution with pH values typically in the range of 11-12 through the following
reaction:

Na-CST + H,O ® H-CST + NaOH
In certain cases, this pH swing may alter the solubility of components in the solution leading to
precipitation and thus operational difficulties. For example, aluminum hydroxide gels will
precipitate out of DSSF solutions as they are neutralized. Thus it is recommended that the CST
be equilibrated to the pH of complex solutions before they are contacted with wastes

2.4 Stability

The chemical, thermal, and radiation stability of CSTs are being detailed elsewhere, for example
in reference 24. However, for completeness the major results and conclusions are presented
below.

2.4.1 Chemical Stability

The stability of baseline (DG-112, 113) and other samples (DG-207) of CST was evaluated in
three test solutions, a DSSF-7 simulant (0.1 g of CST in 10 ml), deionized water (~0.1g in 100
ml), and acetic acid (~0.2 g in 30 ml) at temperatures of 25, 60, and 95 °C over a period of three
months.* The results of x-ray diffraction analyses of the recovered CSTs are shown Table 18.

Table 18: Results of Chemical Stability Evaluations, Three Month Contacts

Test Solution 25 °C 60 °C 95 °C
Acetic Acid (10% V/V) | CST | Anatase + CST | Anatase

DI Water CST CST CST
DSSF-7 CST CST Zeolite

The results show that extended contact with aggressive solutions at elevated temperatures can
result in significant CST degradation. In acidic solutions, the CST was converted to the anatase
form of TiO, as well as other unidentified amorphous compounds. In the DSSF solution, the
CST was converted to a zeolite or zeolites (possibly zeolite x, cancrinite, or crancinite),
presumably through reactions of the CST with aluminum in the solution, and possibly rutile or
other compounds. The first-generation CST was found to be less stable than the second-
generation baseline materials. Based on these findings, it is recommended that the maximum
temperature be kept below 60 °C if the TAM-5 CST is to be used or stored for long periods in
aggressive solutions.

Longer term studies have also been conducted on the “reactivity” or “solubility” of CST with DI
water.”* The results emerging from these studies indicate that the CST is essentially unreactive,
and would take years to equilibrate with groundwater. In fact, the existence of mineral
analogues to the CST suggests that the material may be stable for millions of years in some
environments.

The effect of HNO, solutions on the performance of CSTs has also been evaluated.” For
exposure times of less than 5 days, no significant degradation in Cs K, was observed for DG-111
samples that had been treated with 1, 2, 4, or 6M HNO, solutions. However, some degree of
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CST solubilization was observed. After three weeks of exposure to 6M HNO,, significant
degradation and decreased performance was observed.

2.4.2 Thermal Stability

Studies have been conducted on the dry thermal stability of both first-generation and second-
generation CSTs.” Samples of CST were heated overnight in thermostated ovens and then
analyzed for changes. Samples of DG-112 (second-generation baseline materials) and DG-120
(first-generation material) showed no changes in X-ray diffraction patterns with 300 °C
treatment. A more extensive study was then conducted with a variety of times and temperatures.
After the heating period, batch distribution coefficients were measured in a standard Sandia
simulant. The results of the tests for the baseline sample (DG-112) are shown below in Table
19.

Table 19: Cesium Distribution Coefficient (ml/g) as a Function of Heat Treatment for DG-112
in Simple Simulant.

Heating Period (min.) | 100 °C | 200 °C | 300 °C | 400 °C | 500 °C
5 817 843 733 604
15 817 826 740 481
60 826 852 713 517
Overnight 793 635 485 324 129
As-prepared K, = 817 ml/g

The results indicate that a combination of time and temperature act to degrade the performance
of the CST. The slight increase in distribution coefficients observed for the lower temperatures
and times is probably an artifact caused by weight loss due to driving water off the sample.
Despite the observed degradation in performance, no degradation in the X-ray diffraction
pattern was observed for any of the baseline DG-112 samples. The results for the first-
generation material (not shown) indicate that this material is less thermally stable than the DG-
112. In addition to greater performance losses at the lower temperatures, the X-ray diffraction
patterns also deteriorated.

Experiments were later conducted on IE-910 powder. In order to simulate a post processing
step, experiments were conducted on 1E-910 samples that had been loaded with 2 wt% Cs.
These samples were heated for two hours at 200, 400, 600, 700, 800, and 1000 °C. As would be
predicted from the above results, no degradation in the X-ray diffraction pattern was observed
for the samples heated at 200 or 400 °C. However, the material heated to 600 °C appeared to be
amorphous. A new phase or phases were evident in the 700-1000 °C samples. The diffraction
peaks were broader in the 700 °C sample, but identical to the peaks in the 1000 °C sample.

Samples of 1E-910 recovered from the heating studies were subjected to Cs leach tests. About

0.5 g of CST was placed in 25 ml of DI water. A 5 ml sample was withdrawn after one day, and

a second sample was withdrawn after an additional 8 days. The data are reported in Table 20

below as the Cs leached in the first 24 hours and the additional Cs leached in the ensuing 8 days.

The results show that mild heating may slightly enhance leach resistance, while the phases that
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form at temperatures of 600 °C or higher are not a superior waste form. Clearly more extensive
studies are required to fully characterize the leach behavior of heated materials.

Table 20: Cesium Leached (g Cs/g CST) from Heat Treated 1E-910 Samples

Sample One Day Additional 8
Days
1000 °C 12.9 4.35
900 °C 11.7 2.24
800 °C 10.4 8.25
700 °C 19.9 6.20
600 °C 495 82.8
400 °C 0.36 1.52
200 °C 1.53 <0.00
As-prepared 2.03 4.04

2.4.3 Radiation Stability

Once CSTs have been used to separate Cs from radioactive waste streams they will receive
substantial doses of radiation while they are awaiting incorporation into final waste forms. Thus
the radiation stability of Cs-loaded 1E-910 was evaluated.” Test samples (3 g each) were loaded
into vials with 15 ml of test solution spiked with enough Cs so that the loading on the CST
would be 1% by weight, the approximate loading that would be achieved if the CST were used
to treat a DSSF solution containing 10 ppm Cs. Test solutions included the following simulants:
DSSF-5, NCAW, DSSF-5 with sludge, Simple Simulant, 1M NaHCO,, and 0.1M HNO,. The
vials were sealed and the rubber septa were pierced to allow for the escape of radiolytic gasses.
The samples were then irradiated to 1.17x10° Rads (Si) in Sandia’s Gamma Irradiation Facility
(GIF) at a dose rate of 1.39x10° Rads/hr at ambient temperature. The CSTs and solutions were
then recovered and compared to control samples. In each case there was no observed
degradation in X-ray diffraction patterns or decrease in Cs uptake.

A separate issue related to loading radioactive cesium onto the CST is the conversion of the
monovalent Cs’ cation to the divalent Ba’" cation through radioactive decay. Testing performed
at Sandia® and Los Alamos strongly suggests that Ba will remain sorbed on the exchanger, and
that Na or other elements will be displaced from the lattice rather than Cs to maintain a charge
balance. In basic solutions distribution coefficients for Ba were consistently greater (as much as
5 times) than those for Cs. Barium could not be eluted from the CST with NaOH or water
washes. Nitric acid (0.5M) could be used to elute the barium, but not efficiently. In all cases Cs
remains strongly sorbed.
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2.5.1 Physical Properties

The particle density of as-prepared CST powder is approximately 2.9 g/cm . The bulk density is
approximately 0.85 g/cm . The powder has shown no propensity to agglomerate. The median
particle size of the CST typically rangesfrom 0.3t0 0.4 m.

The BET surface area and pore volume were measured for several samples using a Quantachrome

were 39.0 m? %/g respectively while those of DG-141 were 30.5 m /g and 0.236
cm /g. The surface area and pore volume of 1E-910 lot 993794040002 were measured to be 20.7
m /g and 0.24 cm®

Theloss on ignition or LOI is the weight fraction of matter (e.g. water) that is volatilized upon
heating the CST t0 1000 C. TheLOl istypicaly 12-13%, but can vary depending on loca
environmental conditions.

Sandia sponsored a number of toxicological studies of TAM-5 CST. TAM-5 was considered to
be noncytotoxic to rabbit alveolar macrophage cells at concentrations less than or equal to 1000
mg/ml.* The material is therefore classified in the nondetectable category according to the IERL
cytotoxicity scheme. The oral LD50 of TAM-5 CST is greater than 5.0 g/kg in male and female
rats.” The material was found to be no more than negligibly irritating to the skin of rabbits,* no
more than moderately irritating to the eyes of rabbits, and did not sensitize the skin of Guinea
pigs.” UOP has issued an MSDS for the 1E-910 and 1E-911 forms of CST.
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3.0 DEVELOPMENT AND PROPERTIES OF ENGINEERED FORM
TAM-5 (IE-911)

3.1 Background

It iswell known that column type operations utilize ion exchangers more efficiently than batch
type operations. Unfortunately the submicron particle size of the CST powder precludesitsusein
column operations due to the unacceptably large pressure drops that would result. Although
successive batch contacting operations can approach the efficiency of column operations, the
application of this approach at Hanford utilizing existing storage tanks as processing vessels has
been judged to be inferior to out-of-tank processing options.** Also, implementing such
processes with the CST powder may be difficult due to the challenge in filtering very small
particles from the liquid waste. Furthermore, calculations indicate that the poor efficiency of a
single batch contact of CST with radwastes would be unacceptable. For these reasons, a major
part of the CST effort, and particularly the CRADA effort, was devoted to developing an
“engineered form” CST suitable for column ion exchange operations.

To ensure development of an appropriate engineered form, extensive discussions were held
between personnel from Sandia, Texas A&M, UOP and potential CST users at Westinghouse
Hanford and other DOE facilities regarding the desired characteristics of the engineered form.
Although no formal or detailed guidance was obtained on the required properties of the
engineered form, the following list of characteristics was provided. The engineered form would
have rapid Csion exchange kinetics in solutions similar to DSSF-5 or DSSF-7 so that processing
could take place at flow rates of at least 3 column volumes (CV)/hour. Also, the particle size and
strength should be such that operations and conditions, e.g. solids transfer methods and pressure
drops, would be similar to those used for other UOP products such as IONSIV® |E-95 or
IONSIV® TIE-96. Thisimplied particle sizes should be in the range of 20 to 50 mesh or 850 to
300 nm in diameter and should resist attrition upon dlurry transfer. Other desired characteristics
include good chemical and physical stability in highly alkaline radwaste solutions, a high capacity
for Cs (i.e. minimal effect of binder on performance), and binder materials that are compatible
with potential final waste forms and processes such as vitrification. For instance Cr, S, F, and
other species that are known to negatively affect high level waste glass properties and
performance would be unacceptable binder components.

3.2 Synthesis and Composition

Early in the program, Sandia investigated the use of a “white cement” as a binder material for
the submicron CST particles. The rationale behind this concept proposed by Jim Krumhansl was
based on the practice of grouting low level radioactive wastes. Grout has been criticized as a
waste form because of the somewhat porous nature of the materials, and the demonstrated rapid
leaching of radionuclides from such materials. Thus it was hypothesized that these properties,
which are a negative for waste storage, could be turned to an advantage by binding the small
particles while allowing radionuclides to be transported to the CST for capture. Marginal
success was achieved by binding CST with 20 wt % class H Portland cement that had been
ground to submicron particles.
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Later Sandia efforts focused on areas where there was an established expertise. Jim Voigt lead
an effort investigating an organometallic route to a binder, while Carol Ashley lead an effort to
develop a sol gel binder system. A broad survey of simple and mixed metal sol systems was

investigated. In a separate effort, Texas A&M pursued a proprietary route to engineered forms.

After the CRADA was in place, UOP followed a proprietary route to engineered form
development. The Sandia and Texas A&M efforts were discontinued as progress was made, and
program sponsors grew confident that UOP would achieve success. A nonproprietary block
diagram of the process used for fabricating the final UOP product, UOP IONSIV? IE-911 ion
exchanger, is shown below. Table 21, taken from the MSDS for the product, gives the

approximate composition of the material.
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Figure 7. Block Diagram of IE-911 Preparation.

Table 21: Approximate Composition of UOP IONSIV? lon Exchanger Type IE-911

Material ~ Weight %

Silicon dioxide 15-45

Titanium dioxide 20-40
Sodium oxide 5-20

Trade Secret material 15-25
Trade Secret metal oxide 0-25
Aluminum oxide (non-fibrous) 0-10
Copper oxide 0-2
Calcium oxide 0-2
Chromium oxide 0-2
Magnesium oxide 0-2
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3.3 lon Exchange Properties

Batch distribution coefficients and ion exchange kinetics of engineered form CSTs were
evaluated using the technique described above for CST powders. One minor modification to the
procedure was that selected materials were pretreated prior to the distribution coefficient
measurement with a NaOH solution adjusted to the same or higher pH as the test solution. This
was done because some engineered forms were found to be acidic upon addition to solution, i.e.
some or all of the exchangeable Na cations had been exchanged out of the material during the
forming steps. For some solutions the resulting change in pH upon contact with the
unequilibrated CST could result in the precipitation of certain constituents, e.g. Al, out of the
solution (see section 2.3.5.6). Unless noted, this procedure was not performed prior to taking the
data presented below. Also, no attempt was made to account for volatiles content in the
exchanger for the distribution coefficients given below.

In addition to batch distribution coefficients, the ion exchange properties of engineered forms
were evaluated through ion exchange column testing. Although exact conditions varied, these
experiments were typically performed in columns of about 1 cm in diameter with aspect ratios
(height divided by diameter) of at least 3. Flow rates were typically in the range of 3-6 column
volumes/hr (CV/hr) based on the nominal (empty) column volume occupied by the exchanger.
The exchanger was typically pretreated with a NaOH solution to adjust the exchanger to the
appropriate pH prior to contacting it with waste simulant or solution. Effluent samples were
periodically collected and analyzed for Cs content. Primary metrics were the number of column
volumes that could be processed prior to achieving 50 % breakthrough of the column, i.e. the
point where the effluent cesium concentration is 50% of the feed concentration, the cesium
decontamination factor that could be achieved, and the ion exchange kinetics as indicated by the
shape of the breakthrough curve and response to high flow rates. The 50% breakthrough point
can be estimated from batch data by multiplying the distribution coefficient by the bed density of
the ion exchanger to obtain what is commonly called the lambda factor, or column distribution
factor (I).

3.3.1 Developmental Engineered Forms

Developmental samples of engineered form CSTs were produced by Sandia, Texas A&M and
UOP. The vast majority of developmental samples were produced by UOP. These UOP
materials were designed for reliable commercial manufacture, and have been successfully
produced commercially. Relevant ion exchange results for these materials are presented below.

3.3.1.1 Sandia Developed Forms

An engineered form sample was prepared using 80% by weight DG114 and 20% white cement.
The 40/80 mesh material was pressed into adisk at 6000 ps and then sized again to 40/80 mesh.
In ssimple smulant this material had a Cs K4 of about 400 ml/g. The capacity of the material was
evaluated by contacting 1 g with 10 ml of a2M CsCl solution containing 5.1M NaNO; and 0.6M
NaOH three successive times. Following this procedure the Cs loading was measured to be
2.05% by weight. During column testing, significant degradation of the material was observed.
Because of the instability of these materials, efforts aong this path were discontinued.
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Distribution coefficient results for preliminary organometallic-derived materials were generally
promising. However, the materials seemed to lack the desired stability. For early 40/80 mesh
materials prepared from DG-115, distribution coefficients measured in the simple Sandia
simulant (5.1M NaNQO,, 0.6M NaOH, 100 ppm CsCI) ranged from 576 ml/g (sample 2511-12A)
to 1090 ml/g (sample 1090). Based on these positive results enough material was prepared to
perform a column experiment. Three 1cm x15 cm columns were connected in series and loaded
with 8 g each (12 cm) the material designated as 2511-20. The simple waste simulant containing
10 ppm Cs was fed to the columns at 3.75 CV/hr (based on all three columns) for several days.
The experiment was terminated after 515 CV had been fed to the system and 63% breakthrough
had been achieved; 50% breakthrough occurred at about 435 CV. Significant degradation of the
exchanger occurred during the experiment resulting in the accumulation of fines in the third
column, and excessively large pressure drops. Development continued and sample 2511-54 was
evaluated in a DSSF-7 simulant through batch and column experiments. In DSSF-7 a
distribution coefficient of 353 ml/g was measured for 2511-54 as compared to 652 ml/g for DG-
112. In a column experiment utilizing 5cc of exchanger (3.3 g) and a flow rate of 1.5 CV
DSSF-7/hr, 50% breakthrough occurred at about 200 CV. Detailed strength and stability testing
was not carried out for any of these materials and no further development was carried out due to
the progress with UOP engineered forms.

Notable progress towards developing an engineered form was achieved at Texas A&M. Several
samples of materials produced at Texas A&M using a proprietary process were evaluated by
Sandia for ion exchange performance and later supplied to UOP for additional evaluations. The
initial sample was evaluated in a DSSF-5 simulant (10 ppm Cs) after being pretreated in 2M
NaOH. The distribution coefficient after 24 hours was determined to be 450 ml/g with an ion
exchange half-time of less than 20 minutes. Additional samples denoted TAM-EF-5 and
TAM-EF-10 were evaluated in DSSF-5 simulant (10 ppm Cs) with no pretreatment. The
particle sizes ranged from 250-420 mm for both of these materials. A 24 hr distribution
coefficient of 684 ml/g was measured for TAM-EF-5 and a distribution coefficient of 522 was
measured for TAM-EF-10. Half times of exchange were again less than 20 minutes. Detailed
strength and stability testing was not conducted on these materials, and due to the excellent
progress of UOP, no further development was carried out.

3.3.1.3 UOP Developed Forms

UOP produced a large number of developmental engineered forms for evaluation. A number of
parallel routes were followed in order to produce the best product in the most cost effective
manner. The production processes are proprietary to UOP and will not be discussed. Only a
brief description of trends and highlights will be presented for the developmental samples.

3.3.1.3.1 Testing at Sandia and Los Alamos National Laboratories

January, 1995. Over 20 different samples had been delivered to Sandia prior to a baseline sample
being chosen in June, 1995. Severa of these developmental samples were also provided to Fred

focused on measuring the cesium distribution coefficients, and batch kinetics. Other parameters
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regarding the particle stability by observing the degradation or attrition during the gentle agitation
of the distribution coefficient measurement. A few small column tests were conducted on the

observed in both the capacity and stability of the engineered forms.

An opportunity arose early in the development stages of the effort (prior to the identification of a
Valley Nuclear Services with an actual radioactive waste solution. The test was to involve a
THOREX wash solution that was being decontaminated using another UOP product, IONSIV
TIE-96. Prior to having UOP deliver the ion exchanger to West Valley, Sandia tested the

ensure the success of the test. The composition of the THOREX simulant is shown below.

Table 22: Composition of Simulated THOREX Wash Solution

lon Molar Concentration
Na' 0.869
K* 0.026
Al** 0.008
NOs 0.313
NO, 0.435
COs* 0.033
SO% 0.012
cI 0.026
F 0.055
pH 11.7

A cesium distribution coefficient of 11,300 ml/g was measured after 48 hours contact time for a
solution initially containing 10.2 ppm Cs. Some attrition of the engineered form was observed
during thetest. A column test was performed using a1 cm x 10 cm column in the downflow
mode. The feed smulant containing 10.6 ppm Cs was fed to the column at a flowrate of 1 CV/hr
at ambient temperature. Samples were collected every 5.5 hours and analyzed for Cs by ICP-MS.
The test was terminated after 566 hours to free the apparatus for other tests. The Cs
concentration in the samples was below the detection limit of about 2 ppb up to 412 CV. After
566 CV had been fed, the effluent Cs concentration was 4 ppb. No problems with material
shrinking, swelling, or attrition were observed during the test.

3.3.1.3.2 Actual Waste Test at West Valley Nuclear Services

The performance of developmental engineered form sample 16117-82C was evaluated using an
actual radioactive waste solution at West Valley Nuclear Services under contract to Sandia. The
test procedures were identical to those being used at the site to qualify ATIE

removing Cs, Sr, U, and Pu from a THOREX wash solution. The 1.55 g of CST was |oaded into
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through the column at 0.65 CV/hr at 10 °
THOREX wash solution was processed. Samples were collected daily for Cs, Sr, U and Pu
analysis. Due to scheduling conflicts in the hot cell, the test was terminated before significant

that the 50% Cs breakthrough point would have been well over 1000 CV and it would have been
necessary for the test to continue for several months.

6

for Cs, 10 for Sr, and about 100 for U and Pu. For comparison, typical results for TIE-96 are a
® to about 120 CV after which the DF decreases to 1000, the strontium DF is

shrinkage, swelling, degradation or gas generation was observed for the CST. The test report
provided by West Valley concluded that a single column of CST might be more effective at

resulting in substantial potential savingsin dollars spent and total volume of secondary waste.

3.3.2 Baseline Engineered Form

Through June of 1995, Sandia had evaluated a number of different engineered forms prepared
by UOP. Based on the results for these materials, UOP and Sandia selected two materials and
UOP prepared kilogram scale batches of the materials (assigned the identification numbers
07398-38B and 8671-08, and usually referred to as 38B and 08) to provide to other labs for
testing. Although both materials were anticipated to perform well, two materials were chosen to
insure a high probability of success in the actual waste tests. The materials were derived from

granular form for 38B and a spherical form for 08. The intention was that each preparation would
be a baseline for the particular manufacturing process. Samples of the two batches were provided
concurrently to Sandia, Texas A&M, and PNNL, and later to Fred Marsh at LANL for
evaluation. Shortly thereafter, program sponsors indicated that it was desirable to have asingle
baseline materia in order to minimize testing costs. UOP and Sandia then selected 07398-38B to
be the baseline engineered form based on ion exchange performance and other factors. This
material was then provided to ORNL for evaluation.

38B material, limited data was also collected for the 08 samples in some instances.

3.3.2.1 Testing at Sandia National Laboratories

For a DSSF-5 waste simulant initially containing 10 ppm cesium, the batch distribution
coefficient for 07398-38B was measured to be 496 ml/g. For comparison, a distribution
coefficient of 932 ml/g was measured for 1E-910 in the same solution. The distribution
coefficient value was measured to be 910 ml/g for 07398-38B in a standard NCAW simulant and
1160 ml/g in a CC simulant diluted 1:1 with 1 M NaOH (approximately 5.5M Na, 34 ppm initial
Cs). In a Melton Valley (W-27) simulant (10 ppm initial Cs) the K, value for 07398-38B was
533 ml/g. In a simulant of contaminated Idaho groundwater (see next section), the distribution
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coefficient was determined to be > 12,000 ml/g for cesium, and approximately 200,000 ml/g for
strontium.

Batch tests performed on 07398-38B indicate that in DSSF-5 simulant the K, is 50ml/g after 20
minutes of contact time and 238 ml/g after 4 hours. This equals a decrease in the concentration
of Cs in solution of 9.84 ppm to 6.56 ppm after 20 minutes and 10 ppm to 2.90 ppm after 4
hours compared to 10 ppm to 1.64 ppm after 24 hours. Experiments performed in W-27
simulant indicate that the 20 minute K, is 68 ml/g ( a decrease of 10.0 ppm to 5.93 ppm) and the
4 hour K, is 310 ml/g (2.36 ppm Cs) compared to a K, of 533 ml/g at 24 hours (1.57 ppm).

3.3.2.1.1 Column Testing

Several different ion exchange column tests were performed utilizing the 07398-38B material.
In the first test, three sequential 12 ml columns (10 mm ID x 150 mm) were loaded with the "as-
received" 07398-38B ion exchanger so that each column contained approximately 12 g of
material. A flow of 2M NaOH was used to calibrate the pump to a flow of 45 ml/hr (3.75
CV/hr). After the flow had stabilized, a DSSF-5 solution containing 10 ppm of Cs was fed onto
the column. After approximately 125 CV of feed and every 5 hours (18.8 CV) thereafter, 3.75
ml samples of effluent from the first column were taken for later analysis. This necessitated a
brief (5 minute) interruption of flow to the second and third columns. Similarly, samples were
taken every 5 hours from the second and third columns at staggered times beginning with about
250 CV for the second column and about 375 CV for the third column. The columns were fully
loaded with the exchanger and were run downflow at room temperature.
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Figure 8: Breakthrough Curves for Three Sequential Columns with Baseline Sample 07398-
38B and DSSF-5 Simulant (10 ppm Cs) at 3.75 CV/hr and Room Temperature.
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The results for the test are shown in Figure 8. For the DSSF-5 solution, 10% breakthrough of
the first column occurred at about 280 column volumes, and 50% breakthrough occurred at
about 515 column volumes. The 50% breakthrough point of the second column occurred at
about 1040 CV. The 10 % breakthrough of the third column occurred at about 1030 CV. From
the first two columns an average 50% breakthrough of 518 is calculated. This compares very
favorably to the expected value of 520 calculated from the 24 hr batch K.

A similar one column test was performed using Melton Valley (W-27) simulant. Flows were
calibrated to 36 ml/hr (3 CV/hr) with 2M NaOH. The W-27 waste simulant containing 10.1
ppm Cs was then fed onto the column downflow, and the flow rate was verified. Samples were
collected every 5 hours for the duration of the test (975 CV). The results are shown below in
Figure 9. The 50% breakthrough point of the column occurred at about 500 CV, comparing
fairly well with the expected value of 560 calculated from the 24 hr batch distribution coefficient
measurement.

CIC, (%)
(&)
o
|
°

O-Ol T T T T T 1T I
100 500 1000 2000

Column Volumes

Figure 9: Breakthrough curve for 07398-38B and Melton Valley W-27 Simulant (10.1 ppm Cs)
at 3 CV/hr and Room Temperature.

A column test was also run for the 07398-38B material with a solution simulating contaminated
INEL groundwater. The simulant contained 530 ppm total dissolved solids, and was at pH 8.1.
The cesium and strontium concentrations were 49.7 ppb and 355 ppb respectively. These
concentrations, that are higher than the actual groundwater, were chosen in order to facilitate
analysis. In order to minimize the time and volume of the test, 3 cc of exchanger was placed in a
1 cm diameter column and the simulant was fed at 10 CV/hr. The test was terminated after 4550
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CV had been fed. At this point no cesium or strontium was detected by ICP-MS in the effluent.
The detection limits were approximately 0.08 ppb for Cs, and 0.2 ppb for Sr.

3.3.2.2 Testing at Los Alamos National Laboratory

Fred Marsh tested the 07398-38B and 8671-08 materials in a 1:1 dilution (diluted with 1M
NaOH) of unirradiated Hanford Complexant Concentrate simulant solution. The experiments
were conducted in the same manner as those for the 1E-910 and other materials.*** After 6
hours of contact time, distribution coefficients of 953 ml/g and 662 ml/g were measured for
07398-38B and 8671-08 respectively, compared to 2687 ml/g for an IE-910 powder sample.

3.3.2.3 Testing at Pacific Northwest National Laboratory

Pacific Northwest National Laboratory investigated the cesium and strontium uptake from
simulated and actual Hanford 241-AW-101 DSSF tank waste in batch tests for a number of
materials including the 07398-38B and 8671-08 engineered form CSTs.* Other materials
included in the test were IONSIV? 1E-910, CS-100 phenol-formaldehyde resin (developed by
Rohm and Haas), resorcinol-formaldehyde (R-F) resin developed at Westinghouse Savannah
River Company and produced by Boulder Scientific, UOP’s IONSIV?® TIE-96, a sodium titanate
produced by Allied Signal and Texas A&M, and IBC Advanced Technologies’ SuperLig? 644
macrocyclic organic material. Digtribution coefficients for cesum and strontium, decontamination
factors, and column distribution factors (I ) were compared as a function of contact time, solution
composition, supernate:exchanger phase ratio, and sequential contacts. Actua waste testswere
conducted with a composite waste from tanks 101-AW (70%), 106-AP (20%), and 102-AP (10%)
with a Na concentration of 5M, and Na/Cs mole ratios of (50 to 500,000). Simulant tests were
conducted at dilutions ranging from 7 to 0.2M Na, and Na/Cs mole ratios of 50 to 500,000.

Some of the results for the actual waste tests are shown in the table below. As can be seen, the
baseline CST performed very well compared to the other exchangersin thesetests. Furthermore, there
was little difference observed in the performances of the engineered and powdered forms of the CST.
Good agreement was seen between the smulant and actua waste results. The reader isreferred to the
referenced PNNL report for further details.

Table 23: Results of 241-AW-101 Actual Waste Tests (5M Na, 0.48M K, Na/Cs = 78,000)

Exchanger CsKq(ml/g) | Csl S Kg(ml/g) | S
07398-38B CST 710 800 900 1000
IONSIV@ |E-910 910 700 700 540
IONSIV? TIE-96 21 16 250 190

NaTi NA®@ NA®@ 2100 1200
SuperLig® 644 500 110 90 20
R-F 220 65 60 18
Duolité® CS-100 88 21 13 3
(8 Not applicable, Sr ion exchange materia
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3.3.2.4 Testing at Oak Ridge National Laboratory

The Cesium Removal Demonstration (CsRD) currently underway at Oak Ridge demonstrates the
removal of cesium from high salt content supernates typical of those located in the underground
storage tanks located across the DOE complex. In preparation for this 100,000 liter
demonstration, all cesium sorbents considered viable for alkaline supernate were evaluated and
compared. This group of exchangers consisted of the baseline engineered-form CST
(07398-38B), CS-100 resin, Eichrom’s potassium cobalt hexacyanoferrate, R-F resin, SuperLig?
644C, and a web material manufactured by 3M loaded with SuperLig?® 644C. Doug Lee
performed small column tests with actual Melton Valley Storage Tank (MVST) W-27 waste that
had been adjusted to a pH of 13.3 with each of these exchangers. The details of the experiments
will be documented in an ORNL report currently in preparation.”
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Figure 10: Breakthrough Curves obtained by ORNL for Several Cesium Sorbents in Actual
MVST W-27 waste, pH =13.3.

Some of the major results are shown in Figure 10. In brief summary, the CST outperformed the
competitors with a 50% breakthrough occurring at approximately 350 CV for flowrates of both 3
and 6 CV/hr. This was 3.5 times better than the nearest competitor, with the exception of the
Eichrom potassium cobalt hexacyanoferrate (not shown in Figure 10). This material performed
well for over 250 CV, but then began to catastrophically decompose. This caused the cesium
level to rapidly rise, even when 0.2 mm filters were used downstream of the column. The
operational costs for the CST were half of the costs of its nearest competitor in a single pass
mode and the CST tied with another sorbent for the highest average decontamination factor.
Additionally, the CST was the only material tested that did not exhibit a potential operational
problem. Based on these results the CST was the only material selected for use in the CsRD.*
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3.3.3 Commercial CST Engineered Form, IONSIV® IE-911

Following the identification of a baseline material and the distribution of the baseline materia to
other laboratories for evaluation, optimization of the engineered form continued. These efforts
were primarily aimed at improving the ion exchange kinetics and the manufacturing procedures.
More than 25 additional engineered forms were evaluated by Sandia as part of this optimization
effort prior to an engineered form being declared commercially available in December of 1995 as
UOP IONSIV? lon Exchanger Type IE-911.
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Figure 11: Performance of IE-911 (9990-96-810001) in DSSF-5 Simulant (10 ppm cesium) at 3
CV/hr and Room Temperature in Two Different Column Tests.

The first commercia quantity of IONSIV® IE-911 was assigned the lot number 9990-96-810001.
Additional lots have since been prepared. Column test data from Sandia (see Figure 11 for an
example) and ORNL and batch data from PNNL show that the performance of the commercia
material is comparable or better than that obtained with the baseline material 07398-38B. The
particle size was decreased from 20/50 mesh to 30/60 mesh, and the ion exchange kinetics are
more rapid.

Severa cubic feet of the commercial material has been supplied to ORNL for the Cesium
Remova Demonstration, and smaller samples have been provided to other laboratories for
evaluation. A very successful small scale column test was recently completed with material from
lot number 9990-96-810001at Hanford with actual DSSF waste from tank 241-AW-101. With
the waste adjusted to 5SM Na, 785 CV were treated with the CST before 50% breakthrough
occurred, compared to 15.8 CV for the R-F resin.*’ Additional tests with actual complexant
concentrate and saltcake wastes will be performed at Hanford in the near future.
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The as-prepared IONSIV® |E-911 is acidic, i.e. when contacted with water an acidic solution will
form. Therefore for many radwaste applications, it is necessary to pretreat the exchanger with
caustic to equilibrate the material to the pH of the waste prior to contacting the material with the
waste solution. Thiswill prevent pH swings that may result in the precipitation of metal
hydroxides, e.g. auminum, or other materials. Preliminary bed preparation and pretreatment
guidelines are available from UOP.

The neutralization behavior of 1E-911 lot 9990-96-810004 was evaluated through a series of
batch contacts. Equilibrium behavior was evaluated by contacting samples of the IE-911 with
1M, 0.1M, and 0.01M NaOH solutions at different liquid to solid ratios. Samples were also
contacted with deionized water as a control. The mixtures were gently agitated for 96 hours to
insure equilibrium was reached. Then, samples of the liquid were withdrawn, passed through a
syringe filter, and their pH was then measured. The results for these batch titrations are shown
in Figure 12. The results indicate that the sodium capacity, and thus the ability to neutralize base
is approximately 4-6 meg/gram of as-delivered IE-911.
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Figure 12: Batch Titrations of IE-911 lot 9990-96-810004.

The kinetics of the neutralization were evaluated in 1M and 0.1M NaOH. In the first case a
series of seven samples were prepared in which 25 ml of 1M NaOH was combined with 5g of
IE-911, and gently agitated. After a given time had elapsed, the liquid for one of the samples
was decanted from the solid. The IE-911 was then rapidly washed in 200 ml of deionized water,
placed in a glass scintillation vial and dried at 100 °C overnight. This was repeated at times of
0.5, 1, 4, 8, 24, and 48 hours. The liquid samples and selected digested samples of the IE-911
were then analyzed by AA for Na. A similar method was used in the 0.1M NaOH (solid to
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liquid ratios of 1:50 and 1:25) case. The results indicate that the NaOH solutions had
equilibrated with the I1E-911 in less than 30 minutes.

3.4 Stability

Evaluations of the chemical, thermal, and radiation stability of the baseline engineered form
07398-38B have been carried out in a manner similar to that done for the 1E-910 material (see
section 2.4 above). The documentation of these experiments is not complete.” However, in
each case, the results are very similar to or slightly better than that observed for the 1E-910
powder. That is, the binder was not observed to significantly alter the chemical, thermal or
radiation stability of the CST.

3.5 Other Properties

3.5.1 Physical Properties

The bulk density of as-prepared IE-911 is approximately 1 g/cm®. The material has shown no
propensity to agglomerate. The IE-911 is prepared as 30/60 mesh material although other sizes
may be available on request.

Theloss on ignition or LOI is the weight fraction of matter (e.g. water) that is volatilized upon
heating the CST to 1000 °C. The LOl istypically 20% for IE-911, but can vary depending on
local environmental conditions.

3.5.2 Strength and Attrition Resistance

As part of the development process UOP and Sandia evaluated the strength and attrition
resistance of the engineered forms. Mike Readey guided the Sandia effort to develop and use
new, guantitative techniques for evaluating the attrition resistance of materials. The strength and
attrition resistance of the commercial 1E-911 are comparable to other successful nuclear ion
exchange products such as IONSIV? 1E-95 as measured by standard UOP techniques. Samples
of the baseline exchanger that had been exposed to a DSSF-5 simulant for seven days were not
significantly degraded as measured by the same standard UOP attrition test.”

3.5.3 lon Exchanger Fouling

Some of the storage tanks at Hanford are known to contain organics within or floating on the
supernate. These organics pose a potential fouling problem for any ion exchanger that might be
used to treat the waste. Preliminary studies on the effects of organics have been carried out by
Jack Collins at ORNL" and the results are shown in Table 24.

Table 24: Results of Duplicate TBP Fouling Tests Using MVST W-29 Actual Waste
24 hr. K, (ml/g)

Exchanger untreated | TBP exposed
CST 07398-38B | 944, 1055 574, 564
RF 535, 514 70, 89
SuperLig 644C 479, 477 330, 323
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Batch distribution coefficients for materials that had been soaked in tributyl phosphate for 24
hours were compared to distribution coefficients for untreated control samples. The tests were
performed for the baseline CST 07398-38B, the R-F resin, and SuperLig 644C in Melton Valley
Storage Tank W-29 supernate. The results for the 24 hour distribution coefficient measurements
indicate that the CST performance remains excellent, even after an extreme example of exposure
to organics.

3.5.4 Economics

An analysis of potential cost savings that could be realized by applying CST technology to the
Hanford remediation effort has been carried out by Los Alamos National Laboratory.” The
analysis indicates a potential savings of almost $450 million in facilities and operating costs over
the baseline technology (CS-100 resin). These savings are partially offset by other costs
resulting in an estimated total savings of $340 million as compared to the baseline. Additional
savings may be possible at Savannah River or other sites, but were outside the scope of the
analysis.

46



4.0 MODELING OF CST ION EXCHANGE PERFORMANCE

Testing an ion exchanger under all conceivable application conditions can be an expensive and time
consuming proposition. This is particularly true when the testing involves the use of actual
radioactive wastes. In order to minimize the testing required to predict the performance of CSTs for
various applications, an effort has been undertaken at Texas A&M University to model the
equilibrium ion exchange performance of TAM-5 CST, and to model the behavior of ion exchange
columns. A brief description of the effort along with pertinent references is given here. Also, current
applications of the models are briefly described.

4.1 Equilibrium Model

A thermodynamic equilibrium model for estimating the distribution coefficients for cesium, other
group | metals, and strontium has been developed for IE-910. In the current version of the model,”
based on data from ion exchange and structural studies, the solid phase is represented as Na, X
instead of the usual form of NaX. By using this representation, the solid phase can be
considered to be ideal, and developing a solid phase activity coefficient model and estimating
model parameters for the interactions between different ion exchange sites are avoided. A set of
model ion exchange reactions are used for ion exchange between H', Na’, K*, Rb", Cs’, and Sr*".
The equilibrium constants for those reactions were estimated from experiments in simple ion
exchange systems. Bromley’s model for activity coefficients of electrolytic solutions is used to
account for liquid phase nonideality. Equilibrium compositions and distribution coefficients are
calculated for complex solutions by solving the equilibrium equations for the model reactions
and the material balances. Cesium distribution coefficients predicted by this model are within
10% of experimental results for well-defined solutions typical of alkaline DOE waste tank
wastes. This represents an improvement over previous modeling efforts that gave poor
predictions when a strong effect of K was present.” Refinements to the model continue,
including adapting the model to the engineered CST, IE-911.

The equilibrium model has found use in guiding experimental efforts, and in interpreting
experimental results. By adjusting solution compositions computationally, rather than
experimentally, the relative effect of a given ion on the distribution coefficient can be easily
identified and highlighted. This is illustrated in Figure 13. Distribution coefficients were
calculated for a DSSF-5 simulant composition and variations on that composition. Since it is
necessary to have a charged balanced system in order to perform the computation, changes to the
solution were made as ion paired salts. For clarity the results were normalized to the DSSF-5
composition. From the figure it is clear that the nitrate ion concentration has a greater impact on
the system than the hydroxide ion concentration, over the range of interest. The figure also
allows one to compare the relative impacts of sodium and potassium on the system. This type of
calculation and comparison implicated the high concentration of nitrate in the Melton Valley
W-27 waste as one of the main causes of the reduced separation efficiency observed by ORNL
as compared to Hanford DSSF supernates.

47



‘GEJ v
o —@— NaOH
5 A —[J- NaNO3
8 A KOH
= 2 ¥ KNO3
=
e
1 A A
()] 1 ~
= D
<
@

0 T T T T T

-15 -1.0 -05 00 05 10 15
Molar Change in Indicated Salt

Figure 13: Predicted Effects of Changes in a DSSF-5 Simulant Composition on Cesium
Distribution Coefficients for IE-910.

The equilibrium model has also been used to provide estimates of 50% breakthrough performance
of the IE-911 material so that volumes of actual waste required for the test could be calculated.
An example of thisis shown in Table 25. Distribution coefficients were calculated for awaste
with a known breakthrough performance, in this case a DSSF waste (241-AW-101), and
candidate wastes for testing, in this case a complexant concentrate (241-AN-107) and a saltcake
(241-BY-110). The results are normalized to the DSSF waste. Thisis because the moddl is
formulated for the CST powder (1E-910) rather than the engineered form (IE-911). It has been
our experience that ratioing the results for the powders and multiplying the result by a known data
point (50% breakthrough) for the engineered form is afairly good way of obtaining estimates for
engineered form performance (recall that batch data can be used to estimate column performance
vial ). Thus, based on the resultsin the Table 25 and the 785 CV 50% breakthrough with the
241-AW-101 waste,” the 50% breakthrough point of a 241-AN-107 test could range as high as
1500 CV. For the 241-BY-110 case shown, a 50% breakthrough of about 1200 CV would be
expected.

Although the distribution coefficient predictions are typically within 10% of measured values for
well characterized solutions, the results obtained with this technique should be used with caution.
Many solutions are not well characterized and have afair amount of uncertainty in the analysis. In
these cases, educated assumptions must be made about the waste composition in order to achieve
acharge balance for the computation. When thisis done, it is prudent to do a number of
calculations to understand the impact of the assumption. For example, the available data for the
241-BY-110 presented a large charge imbalance that was accounted for by increasing the nitrate
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and nitrite concentrations. If the ratio of these ionsis changed, the results will differ. For
example, if the NO; concentration is increased to 4.4M at the expense of nitrite (0.0M), then the
performance is predicted to be similar to that observed for the 241-AW-101 case. Itisaso
important to realize that the model may fail if acomponent is present in the solution of interest for
which verifying data have not been collected. For example, in the current example, thereislittle
datafor CST performance in high carbonate solutions. The model does also not account for
unknown factors such as fouling.

Table 25: Waste Compositions and Relative Distribution Coefficients Predicted by the CST
Equilibrium Model

lon 241-AW-101 241-AN-107 241-BY-110
Na’ 5.671 5.00 5.00
Cs' 1.00x10° 1.5x10° 1.85x10*
(8.58x10° equil.) | (7.26x10° equil.) | (1.12x10° equil.)
H* 3.70x10™ 4.5x10™ 6.60x10™
K" 0.495 2.60x10* 0.00
OH 2.69 0.220 0.150
NO, 1.401 2.34 3.59
SO,” 3.50x10° 4.90x10* 9.00x10°
F 3.30x10° 0.00 0.00
Cr 8.20x10° 0.00 0.00
AI(OH), 0.575 8.00x10° 8.00x10°
Cro,” 1.00x10° 2.00x10° 2.60x10”
CO,” 0.115 0.793 0.00
NO, 1.13 0.753 0.806
PO,” 5.66x10° 7.00x10° 7.00x10°
Relative K, 1.0 1.9 1.5
CV to 50% Breakthrough | 785 (measured) 1500 (predicted) | 1200 (predicted)

4.2 Column Model

A kinetic model that is being developed to predict the behavior of ion exchange columns utilizing
CSTs under different column geometries, operating conditions and solution compositions has
been described in a recent publication.” This capability will provide an efficient way to
optimize the ion-exchange column characteristics and plan validation tests while minimizing
costs. An ion exchange column model contains three major components: 1) a differential
material balance around the column, 2) a differential material balance around an ion exchange
particle, and 3) a constitutive equation for diffusive flux. The CST model applies traditional
adsorption theory equations to the ion exchange problem. In an effort to refine the equations for
diffusive flux, the kinetics of batch ion exchange are being explored.
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